
b ;- 
I 

' '. 

, .  

I .. 
I 

1. ' ,' 

\ 

J .  

' ? h ~  Int*ract ion or  Crganic VaFors ::,:i?,h Coal. IT.. Tke 
I r I- w e  r s i5l.e Sorption o f  kndne s 

Cuth '?rswneil 2nd P a u l  h g e s s i  

Coal ::.eseercii iahoratory,  DepL. of Chemistry 
Carncyie h s t i t u t e  of Technology, Pitts'mirzh 12, Pa. 

-. 
73. 

.' i!ie sorption of d i f f e r e n t  aqines on coals  of  var ious ranks 
h a s  h(.m i n - e s t i p t e d .  I n  e l l  cases exainined t o  da te ,  the  s G r p  
t l o n  i s  i so t l : e rwi l :~  i r rev5rs ib le .  X.?ferent hypotheses for ex- 
p h r . z t i o n  o.? t,he i r r e v e r s i b l e  sorp-tior. are discnssed anc! it is 
co:-.cludc:i tkit t h o  :-nst, probable exTlsnat,ior! is t h e  f o r m t i o n  of 
sclv?.tes s tab i l ized  by m c  i c a l  t r a  > p i t y  of a r h c  xoiccules in 
c uile ?.. c e l  s t ruct i i re  of the coel .  l k i x r i ~ . i e ~ i t ~ l  evidenco i n  sunaort 
o f  a trci!?ped miecu1.e 

.- 
h;?;o-thesis i s  presented. 
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The sorption of different  amines on coals of various ranks has been 
investigated. In a l l  cases examined t o  date.the sorption is isothermally ir- 
reversible. Different hypotheses for explanation of the i r reversible  .sorption 
are discussed and it i s  concluded tha t  the most probable explanation i s  the 
formation of solvates s tabi l ized by mechanical trapping of amine molecules i n  
the gel structure of the coal. Experimental evidence in  support of a trapped 
molecule hypothesis i s  presented. 

Introduction 

Amines have been used frequently i n  extraction studies on coal. It 
has been found tha t  it i s  d i f f i c u l t  to remove the l a s t  traces of amines from both 
extract  and residue, and t h i s  behavior might be considered evidence that the 
arnines have reacted chemically w i t h  coal. 
t ion  to  study the sorption of gaseous amines on coal, to determine whether 
chemisorption has taken place, and i f  chemisorption is  involved t o  f ind  the 
nature of the functional groups i n  c o a l  responsible f o r  the chemisorption. 

Experimental 

It is  the purpose of t h i s  investiga- 

Apparatus: Sorption measurements were made gravimetrically using HcBain-Bakr 
balances. 
samples of coal could be studied a t  the same time under the same experimental 
conditions. 
The sens i t iv i t ies  of the springs ranged from 1.55 t o  2.98 m i l l i g r a m s  per  milli- 
meter extension. With  a cathetometer reading to  0.1 mm. and a sample weight of 
200 milligrams the precision of measurement nas about 0.1%. The pumping system 
was composed of a two-stage mercury diffusion pump backed by a mechanical pump. 
The system included a storage chamber for  storing the l iquid whose sorption was 
t o  be measured and a mercury manometer for reading the pressure. 
stopcocks were used for isolat ing the balance chambers and the storage chamber. 
The ent i re  apparatus was mounted i n  an air thermostat. The temperature of the 
thermostat could be varied from 35'C. to sO°C. and held a t  a given temperature 
f 0.10' for  a period of ueeks. 

The apparatus had s ix  tubes connected i n  ser ies  so tha t  six different  

The springs were made from Ni-Span-C wire, 0.00s inches i n  diameter. 

Kercury sedled 
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Che.nicds: 
2021 Research Laboratory and were farnished i n  p a r t  by the Pittsburgh-Consolidation 
Coal.:Company. 
?assage thro&i a hammer m i l l .  The s a i i l e s  thus ground were used q s i e v e d  i n  
order t o  avoid separation of the petrographic components of the coal.  
@e crepe na tura l  rubber, G3S-1502 synthe t ic  rubber, pulverized rubber-peels 
( r e c l a i m d  r i o b e r )  and hard rubber dus t  were furnished by the General Tire and 
ibdober Cospany. S a q l e s  of n a t w a l  and synthe t ic  rubber i n  the f o m  of &, 
( ~ ~ ~ d c a n i z e d )  stock were washed repeatedly with methanol. Cured (vulcanized) . 
r h b , z r  s r q l e s  were refluxed x..~th a mixture of e the r , .  toluene, and methanol. 
.A.niiyciroils D r i e r i t e  vas used as a s m p l e  of calcium su l f a t e .  
used tias a mineralogical specimen consisti.ng of s m a l l  cubes of py r i t e s  held i n  a 
ston& matrix. 

The sk ip les  of coal used xere obtained i n  p a r t  from the  stock of the 

Samples i n  the forin of coarsely-grained material  were ground by 

Samples' of 

The i ron  py r i t e s  

S o m  of the cubes were freed f rom the matrix and ground t o  provide 
i tiiz sqnple. 

Pyridine, Baker, C.P., was r e d i s t i l l e d  and s tored  ovw Ur ier i te .  Ffethyl- 
anine, EasLman, was obtained and used as  a 25% so lu t ion  i n  itrater. 
Eastiran, and' 2thylene&iakine, .$latheson, Coleman and Bel l ,  wsre r e d i s t i l l e d  before 

-use .- 2-Kethoxjet!iylaxine,- Zastnan, was received as a 56-70$ so lu t ion  i n  water; 
potassiun hydroxide vas added znd the  mixture refluxed. 
d i s t i l l e d  f r o a  the mixture and then r e d i s t i l l e d  over sodium metal. 

Ethanolamine, 
, . 

2-Methoxyethylamine was 

irocedure: 
overnizht i n  a desiccktor.. 

'. apparatxs, vrere allowed t o  stand fo r  one hour,--with an atmosphere of air present,  
t o  come t o  the thermostat temperatare. A reading of the spring length was taken. 
It was assa2ed Ynat t!ie weight o f  the sanple had not changed dL-ing the  hour 
va i t ing  period. .The next s tep  was t o  evacuate the  apparatus and t o  fol low the 
sa;.n3le m i g h t  (spring length)  u n t i l  constant weight was a t ta ined .  
were allovg,$ t o  stand i n  the vacuum f o r  a minLmum of one day although the sanples 
u s , x l l y  attalLecl constant xetght i n  shor te r  periods of time. 

VZCULE~ l i n e  and the chosen vapor adinitted t o  the' system a t  a pressure equivalent 
t o  a r e l a t i v e  nressure o f  about 0.5.. 
%ions .mtil a constant :.:ei_lght was reached. ' Usually periods of 3 t o  5 days were 
nede?  t o  ge t  coxplete adsorption aliAougli in some cases severa l  weeks exposure 
HZS recpired.  
i n  the determination-of the weight a t  eqkilibrium. 
equi1ibri:i.n weight, the system was evacuated -mt i l  the  sample c a z  again t o  a 
cons tan tke2ght .  
function of time. 
adnittcci t o  the svstem the veigtit of s m p l e  increases t o  some constant value. 
The increase i n  y:ieight is called :?e, the equjlibriuii  sorption. 
i s  evacuated t h e  might of the sample rap id ly  decreases a t  f i r s t  and then gradually 
f d l s  t o  a ccnstant.value.  For all the work described here the f i n a l  sFrple weight 
'vas always grea te r  t'rian the i n i t i a l  weight, Wo. 
completed cycle of sorp t ion  and desorption i s  ca l l ed  Yp (permanent sorp t ion) .  

The sarnples of coal were weighed out t o  0.1 mg. and allowed . to  stand 
The samples, a f t e r  being reweighed and placed i n  the 

Coal samples 

Following evacuation, the balance co;npartmznts were i so l a t ed  from the 

The samples were kept ?der these condi- . . . 

Plots  o f  veight,  !J, vs .  t i q e ,  t, made fo r . each  experiment aided 
After de-termination of the 

F igwe 1; i s  a schematic drawing of a typ ica l  p l o t  of !J as a 
l;io i s  the i n i t i a l  weight of %e sample. k f t e r  vapor has been 

When tAe system 

The increase i n  weight a f t e r  a 

q e r i m e n t a l  i lesults 

As previously mentioned, a l l  coals inves t iga ted  showed an i r r eve r s ib l e  
adsorption of amines. 
g r m  fo r  the sorption of 2-met.hoy-fethylyla?line are given i n  Table I. 

Thn values of th2 permanent sorption, Ifp, i n  moles per 



3 

Table 2 
Permanent Sorption of ~ h o x y e t h y l a m i n e  on Coals 

coal 35°C. 50°C. 
Pocahontas 3.7 x l&moles/gram 3.6 x l+moles/gram 
- 

k I 
\\ 

\ 

h 

Pittsburgh (Edenborn) 
Spitsbergen 
Anthracite (Pa.) , 
Cannel 
Clover Sp l in t  
I l l i n o i s  No. 6 
Vyoming 
Lignite (Kincaid) 
Brown (German) 

5.9 
5.9 
7.2 

10.5 
15.? 
19.1 
29.3 
34.6 
b1.7 

n It II 7.1 
11 It 11 . 9.2 
It II 11 6.6 

II 9.2 
11 II 11 U4.b 
I t  II II 18.3 
I t  t I  11 30.2 
It . !I 1) 36.7 
n .. 11' -. II 36 .O 

It 11 

It  I t  I t  

11. II I 

It  II 11 

I1 It I t  

II I1 It 

It II II 

n I t  It  

It 11 I 1  

I t  It 11 

I n  examining these r e s u l t s  it w i l l  be noted t h a t  f o r  the higher rank coals the 
values of W do not  p a r a l l e l  the rank. Fiowever, f o r  1oP:er rzm coals the v a h e s  
of ':Ip paralye1 the rank, increasing as the rank decreases T'e high val.ies of 

amine per gram of coa l  or  about 30% of the o r ig ina l  weight of the  d ry  c o d .  
w i l l  a l so  be noted t h a t  ?$, does not  change much as tine tenpsrature i s  changed, 
and tha t  lib does not increase o r  decrease uniformly with increase i n  t e m p r a t w e .  

h e  t enac i ty  v i t h  which amines a re  held by the coa l  even mder  prolonged 
evacuation suggests t h a t  the amine i s  chemicdly conbined with the c o d .  To check 
t h i s  hypothesis, addi t iona l  experiments were made t o  de'termirie t he  nature of the  
functional groups responsible f o r  the i r r eve r s ib l e  adsorption. 
p o s s i b i l i t i e s  were considered:\ 

1. The formation of solvat& with the inorganic cons t i tuents  present 
i n  the coal. 

2. The reac t ion  of amines with ac id ic  groups (COOH, OH) p resent  i n  the 
coal.  

3. The raac t ion  of amines with elemental sulfur i n  the coa l .  
4. The reac t ion  of amines with th ioe ther  o r  d i su l f ide  groups. 
5 .  A r eac t ion  of amines with conjugated systiens such as  C=C--OO. 
6. The formati,on of so lva tes  s t ab i l i zed  by trapping. 

for low rank coals i s  noteworthy, being around 4 x moles per  gram of coal: 
f igure corresponds t o  a permanent sorption of 0.3 grzTs of 2-rnethoxlethyl- 

It 

The follo:,%ng 

3ach of these p o s s i b i l i t i e s  w i l l  be considered i n  turn .  
\ 

Inorganic Constituents: 
coin,srise the bulk of t h i s  mineral matter are i ron  py r i t e s ,  s i l i c a t e s ,  and i r o n  
and c d c i u p  salts (1) .  Since calcium salts are  known t o  forri mnoniates thare 

1. C. a. Plarson and J. '$1. Cobb, Gas J., 171, 39 (1925) 

i s  a poss ib i l i t y  t h a t  amines form similar coinplexes. 
rrere made using fe r rous  su l f ide  ( synthe t ic ) ,  i ron  py r i t e s  (mineralogical) and 
calcium sulfate. The r e s u l t s  are tabulated i n  Table 11. 411 measurenients were 
made at  35°C. 

All  coals contain mineral matter and the compouncis which 

................................................................................ 

................................................................................ 
Several sorp t ion  experiments 

Table I1 
Sorption of Amines on Selected i.linera1 Constituents 

Amine Mineral 1% (moles/q-am) k& (moles/gry) 
Ethylenediamine FeS . 0.2 x 10-4 0.09 x 10-1 

II FeS2 0.13 , 0.13 " 
2-Me thoxye thy1 amine FeSp 0 0 

It cas04 6.6L x io-& 0.63 

Inspection of the  results i n  Table I1 shows t h a t  "p i s  e s s e n t i a l l y  zero f o r  all 
samples although We i s  l a rge  f o r  CaSOb. 
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Aci&c C-ronps: 
ooAi.,1 frer;llency i n  the i n f r a r e s  spec t ra  i s  -very  weak (2) . I t  &ay be concluded t h a t  

2.  2. A.  F r i ede l  2 d . J .  $. :&e,is,er, Anal. Chem., - 28, 22..(1956) 

the ,concentratior? of Cool! i n  coal is very 101.:. 

be of ' the tjiie 

'The ac id ic  groups i n  coal a re  probably COOH and OH. AS the C a r -  
. - __- 
________________________________________---------------------------------------- 

................................................................................ ' 

The- reaction. w i t h  mines  would 

RH(5)  t RNI-l, (71; -+ Rr21h3 R [ s )  

cons2ants involving so lu t ion  i n  wster, neut ra l iza t ion ,  e t c .  uld data  =e insuf- 
f i c i e x t  f o r  i t s  evaluation. 
fo r  the rezc t ion  involves the bas ic  clissoci.Ftion constant of tile vliina i n  water. 
h i n e s  wi5h l a rge  d issoc ia t ion  constants would be expected t o  :lave a large €: f o r  
the zbove resc+,ion and a grea te r  probzbilLty t h a t  tile sal: formed would not  be ('. 
pxn@ off ui-dsr high vacuum. ! h e  abovs f a c t  siiggests the following procedur-e:: . 
If a givnn t& of  cos1 i s  picked then treatment of t h i s  coa l  + th  a i ines  of j 
d i f f s r e n t  b a s i c i t y  should give values of ?ip p a r d l e l i n g  t o  sone extent the dist7 
soc ia t ion  csns tan t .  

:;Tne equilibriwx constant f o r  t h i s  reac t ion  i s  %he pi.:oduct of a number of equilibrium 

Homver, it, c m  be shown t h a t  the equilibrium constant 

. .7 Lxpx-inents wre  made x i t h  r i t t sburgh  Seam (Jdenborn) c o d  at. 35'C. 
.S 1,iissolved in i.rater o r  coili;ai.rling watsr. Under tilese conditions the 

coa l  sanpl--s 3 r S  sbul taneous l j r  adsorbing water and amine. 
i n  Table 111. ' 

Tie results are  sh0i.m 

Table I11 
Permanent Sorp,tion (1.1 ) of Amines .on F i t t s b k g h  Seam Coal. (35°C.) 

pK (H20-2S"C.) W (moles/gram) P Amine 
i!:e t i- t ;1aninZT?20 ' -  - 3 7  -8.3 x 10-a 
Ztlianolaxine - i120 li.3 3.9 , 11 

2 -E? thoxje klhylawine<& H20 4.6 '--' 6.0 11 

r;r idine - H20 8.6 7.0 
1 These da t a  siiow that.  X a C ' t d . l y  iilc1.e as tiis 'oasiE strci?g:,i: d.screasas or -. 
tile i-eslLli opposite tsoPtlm4; qxct,tt[.i. 
b x 
is  p n s e n t  2nd s a l t  fo rna t i sn  cannot be e l i r i h a t e s  on the bas i s  o f  insxffi 'cient 
oqfgen i n  coal.  

%action HiYn Sulfur:  h i n e s  are l a o m  t o  react.wi.th elemental s;iifw hixi ileta 
'on +,,7.  u ~ l ~  nature of the reac t ions  a-e not available.  f i though the content of.. e le -  
x m - b d  sulfur i n  coal i s  su9poseci t o  be siiial.1, .i;t seemed des i rab le  t o  do a few 
e q e r i n e n t s  on the mine-sulf  ur reac t ions .  
.mines on rhoinbic sulfix were measilred. 
> ?  bn.z smple  charges fron :fellow t o  deep orange and then  t o  black during ibe course 
o f  the sorption. 
t i iz imreacted su l fu r .  as , even a f t e r  reac t ion  periods of s ix  t o  seven. weeks, the ' 
yd1o:r color of w.re 
bilc;,:e$ c;..r7y5.j-i< 1,: ).,% 

i.Iost of t h s  soi-@tion, 75:; o r  nore, i s  i r r eve r s ib l e  and values ranging from 0.72, 
gars of amine to  0.916 gram of ajnine per g r m  of sulfur were obtsined. 
amins shobis6 the lowest ?ermanmt sorption and ethylenediamine the hi$-est 
p e r n v e n t  sor9tlon. 
ziiw par inole of s ~ d 5 x .  
high, it does n o t  seain possible t o  explain the i r r eve r s ib l e  sorption of =nines 
on coal i n  this iiianner. 

- 
o:qrgen.ccnt,ent of the coal i s  about 

Consequently a d e q a t e  oxygen moles of oxygen atoids per gram of coal. 

-- 

Accordingly the sorption of various 
' Sorption d&s occur ahd the color of 

?'he reac t ion  product appears t o  form a very t i g h t  coating over.. 

d sul.fIu-. can be seen .  through <lid bottom bf the glass 
h, ? h e  of our  experiinents have gone t o  completion. 

14ethyl- 

Sorption of ethylenediamime corresponds t o  0.5 moles of 
Unless the  elemental sulfur content of the c o d  is 

,. 
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Reaction with Sulfide or  Disulfide w: 
Present i n  coal, such bonds might r e a c t  wi+& amines. 
the sorption of 2-methoqethylanine on a series o f  k i t t sbu r& Seam coals of known 
su l fur  content was measurad. 
Hendrix, Zdznborn, Montour, 'daterman, Ir'ursglove and I-ioundsville. 
content of these coals ranged from The permanent sorption f o r  
these samples ranged fron 5.1 x lo-t t o  13.1 x IC-4 molss of amine per gram of 
Cod .  
p y r i t i c  su l fu r ,  sulfate su l fu r  o r  organic sulfur contents of the coals.  

e x p e r b e n t a l  conditions used, the sorption of 2-m.sthoxyethylmine on sa ip l e s  of 
cured and uncured rubber stocks vas measured. The d a t a  are t a b d a t e d  i n  Table I V .  

If thio-ether or d i su l f ide  bonds a re  
To check t h i s  p o s s i b i l i t y  

--- 

The coa l  samples used were from the following mines: 
The t o t a l  sulfur 

.90% t o  4.25%. 

Th= experiiiental values of Idp showed no cor re la t ion  with the t o t a l  su l fur ,  

To determine whether any reac t ion  of this type did occur under the 

Table I V  -- 
Sorption of 2-lietho~et:~ylamine on Rthber (35°C.) - -  

Rubber 3 (moles/gram) 
Pale crepe (vulcanized) 1 * 3 3  

I1 '' (unwlcanized) 0.8 x lo- 
Cas-1502 ( 4 c a n i z e d ) -  ' 0.5 x 'I 

GRS-1502 (unvulcanized) 0.L x 

Hard rubber dus t  3.8 n 

-7 Rubber pee ls  (reclaim) 1.4 x 

1 1  

The permanent sorption on a l l  samples i s  low,' As vulcanized samples contain'more 
su l fu r  than unvulcanized samples and as i n  vulcanized samples some of the sulfur 
i s  present  as th ioe ther  or d i su l f ide  bonds it, can be concluded that the r eac t ion  
between anines and sulfur l i n k s  i s  very slow a t  35°C. 

Reactions e Conjugated Systems: 
quinones. 
mild conditions. 
can bs wr i t ten  as, 

Among the compounds which undergo t h i s  reac t ion  a re  amines, alcohols, and b isu l -  
f i t e s .  The sorption of methanol on coals of various ranks has been under 
investigation i n  t h i s  la3oratory fo r  s e v e r 4  years. 
coal samples have been exposed f o r  periods of t i ne  as much as severa l  xeeks and 
a t  temperatures ranging frorll 30" t o  hs"C., all methanol sorp t ions  de"ernined t o  
da te  hzive been revers ib le  t o  be t t e r  than 1%. These data ind ica te  t h a t  tine ex- 
perimental conditions are not cor rec t  fo r  methanol addi t ion  t o  coa l  o r  t h a t  the 
concontration of conjugated systems of the  q>xLnons t ,ne i n  coal i s  very small. 
Additional expe rhen t s  have been made where samples of coa l  xere t r e a t e a  with 
liquid reagents under conditions i.?hich would be e q e c t e d  t o  lead  t o  the addi t ion  
of b i s u l f i t e s  or methanol t o  quinones. No evidence of appreciable reaction ES 

measured by increase i n  rreight of the coal sample has y e t  been obtainaa. 
these experirnents, reacting, say coal irith l i q u i d  methanol, the system i s  two- 
phased and t h i s  f a c t  might explain the sloxness of the reac t ion .  
the  da ta  a t  hand, it does appear that the concentration of quinones i n  coa l  i s  
small. 

Solvates Stzibilized by Trapping: 
unstable a t  the l o x  pressures preva i l ing  during the desorption process. However, 
such solvates might shox su f f i c i en t  s t a b i l i t y  i f  tho molecules are trapped i n  the 
ge l  s t ruc ture .  
t o  c l a th ra t e  formation found with c rys t a l l i ne  conpounds. 
are k ine t i c  apd not  equi l ibr iun  values f o r  amine sorption. 

The system of particriLar i n t e r e s t c i s  the 
hany d i f f e r e n t  reagents are known t o  r e a c t  witin quinones under r a t h e r  

If the reagent being added is  designated as RH, the reaction - 
C = C - C = O  -t R H  --3 R C - C = C - O H  

Although i n  these experrments 

I n  

On the bas i s  vf 

A s  mentioned before,  most so lva tes  would be 

On t h i s  hypothesis tile permanent sorp t ion  of amines is  analogous 
The valxes of Y hence P 
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%,IO ty-pas of exyerimentd evidence can be sought t o  support such a 
hpo%liesis.  
v o l a t i l i t y  i s  i r r eve r s ib ly  held by the  coal, then the trappcd molecule hsrpo- 
t h e s i s  appears probable. Second, o ther  polymer systeins with functional groups 
of knorm iner tness  t o  amines might be ewec ted  t o  show the same behavior. 

For an experiment of the f i r s t  type d ie thyle ther  was selected as t he  
molecule ~ahich could be considered i n e r t .  
e the r  on %voming c o d  vas measured a t  35°C. 
10 x 10-4 moles f o r  gram coal,  and while t h i s  value is  subs i an t i a l ly  l e s s  than 
XP f o r  ~2-i; lethox~etnylanine~ nevertheless e t h e r  is held by this coal very 
tenaciously. 
on t a o  natura l  polymers was measured a t  35°C.. The r e s u l t s  are tabulated i n  
Table V. 

F i r s t ,  if it can be shown that an i n e r t  ?organic molecule of high 

,J 

.\; 
kccordingl:7, the sorp t ion  o f  d i e thy l  

The value of ti f o r  e the r  vas 

<. 
For an experiment of the second type the sorption of 2-metho~&e 

2 

..d 

Table V 
Sorption of 2-Kethoq~ethylamine on Polymeric Piaterials 

w (moles/gpn) 
-'5.1 x 10-4 

Polyner . 
Cotton l i n t e r s  
Rax s i l k  10.5 " . 5.5 " 

One other piece of evidence may be c i t ed  as supporting the trapped 
molecde hypothesis. For a s e r i e s  o f  coals, was measured a t  25°C. Keeping , 
tiis sampies under high vacum, the emperatme was  changed succes- 
sively t o  40, hS and 50°C. d lor r ing  the srmik>les t o  r a i a i n  a t  each nerr temperature 
fo r  a minimuil period of 2 l ~  hours. 
as <-is temgerature increased. 
p lo t t ed  agzknst I/? 
reaction. 
tile lo i i ss t  hea t  of reaction, 1.3 k c d .  p e r  mole, and Clovsr Sp l in t  gave the 

l o w  t o  be associated with anything but  a very low order of bonding. 

Under this procedure, :$ decreased s l i g h t l y  

C f  the six coals on which this procedure was t r i e d ,  anthracite gaye 

For a given c o d ,  Ule vahes  of l o g  W when 
gave a s t r a i g h t  l i n e  whose slope i s  r e l a i ed  t o  ?he hea t  of 

'h ighes t  heab of reaction, 3.3 kcal.  per mole. These therna l  values arelmzch too 
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